The nucleocapsid protein (NC) of HIV type 1 (HIV-1) is a nucleic acid chaperone that facilitates the rearrangement of nucleic acid secondary structure during reverse transcription. HIV-1 NC contains two CCHC-type zinc binding domains. Here, we use optical tweezers to stretch single -DNA molecules through the helix-to-coil transition in the presence of wild-type and several mutant forms of HIV-1 NC with altered zinc-finger domains. Although all forms of NC lowered the cooperativity of the DNA helix-coil transition, subtle changes in the zinc-finger structures reduced NC's effect on the transition. The change in cooperativity of the DNA helix-coil transition correlates strongly with in vitro nucleic acid chaperone activity measurements and in vivo HIV-1 replication studies using the same NC mutants. Moreover, Moloney murine leukemia virus NC, which contains a single zinc finger, had little effect on transition cooperativity. These results suggest that a specific two-zincfinger architecture is required to destabilize nucleic acids for optimal chaperone activity during reverse transcription in complex retroviruses such as HIV-1.
T he nucleocapsid protein (NC) is a small highly basic nucleic acid-binding protein found in all orthoretroviruses (1) . NC possesses nucleic acid chaperone activity, by which it facilitates the rearrangement of nucleic acids into conformations that are thermodynamically more stable than the original structure. To achieve such rearrangements, the base pairs of nucleic acid structures that are normally very stable must be broken, whereas other complementary structures must be formed (2, 3) . All orthoretroviral proteins contain either one or two zinc-finger motifs of the form CCHC (4, 5) . Two high-resolution NMR structures of HIV-1 NC bound to viral RNA stem-loop sequences indicate that the two zinc fingers (Fig. 1A) interact specifically with several purine bases in the RNA loops (6, 7) . In contrast, Moloney murine leukemia virus (MLV) NC, which contains only one zinc finger (Fig. 1B) , does not bind to isolated stem-loop structures of Moloney MLV genomic RNA with high affinity (8) . Recent studies have shown that the zinc fingers of HIV-1 NC are required for at least some of its nucleic acid chaperone functions. For example, a mutant form of NC with both CCHC motifs changed to SSHS (SSHS NC) is unable to bind zinc and displays a severely reduced ability to facilitate the minus-strand transfer step in reverse transcription (9) . In contrast, the single zinc finger of Moloney MLV NC is not required for minus-strand transfer in that system (10) .
We recently used an optical tweezers instrument to measure the effect of NC on the overstretching transition of single -DNA molecules (11) . We have shown that the overstretching force and thermal melting point of DNA exhibit similar trends as a function of pH, and that a model of the overstretching transition as force-induced melting (12) accurately describes the dependence of the overstretching force on pH (13) and temperature (14) . Thus, this technique allows us to study the DNA helix-coil transition at very high resolution and at room temperature (15) . The latter capability is particularly useful for studying proteinnucleic acid interactions, because temperature effects on protein properties do not complicate the analysis.
We have used the DNA stretching technique to investigate the capability of NC to alter the base pairing of single -DNA molecules at room temperature (11) . We found that the helixcoil transition free energy (⌬G) of -DNA was significantly reduced in the presence of HIV-1 NC, whereas ⌬G was actually increased in the presence of SSHS NC. Therefore, the deletion of the zinc-finger structures was detrimental to NC's helix destabilizing function. We also showed that only wild-type NC altered the cooperativity of the helix-coil transition, as evidenced by the observed change in slope of the DNA overstretching transition. On the basis of in vitro measurements of nucleic acid chaperone activity (9) and our single molecule stretching measurements, we proposed that there are two components to the nucleic acid chaperone activity of NC. First, the high charge density of NC causes electrostatic attraction between nucleic acids, allowing complementary double-stranded structures to interact more readily. Second, NC destabilizes the helical structure of DNA by altering the cooperativity of the helix-coil transition, such that thermal fluctuations are sufficient to melt small helical DNA sections. Precisely how NC's zinc fingers contribute to its chaperone function is unknown.
Materials and Methods
The dual-beam optical tweezers instrument used in this study consists of two counterpropagating diode lasers focused to a small spot inside a liquid flow cell. One 4.4-m-diameter streptavidin-coated polystyrene bead (Bangs Laboratories, Fisher, IN) was held in the optical trap formed by the laser beams. Another streptavidin-coated bead was held on the end of a glass micropipette. To obtain force-extension measurements, a single doublestranded DNA molecule that had been labeled on the 3Ј end of opposite strands with biotin was captured between the two beads (13). The DNA molecule was then stretched by moving the pipette and measuring the resulting calibrated force on the bead in the trap, as previously described (13, 14) . The buffer used in this study for capturing DNA was 10 mM Hepes with 95 mM NaCl and 5 mM NaOH, pH 7.5.
The absolute extension of the molecule was estimated by measuring the distance between the centers of the two beads by using an image captured with a charge-coupled device camera. The change in position of the pipette was measured by using a feedback-compensated piezoelectric translation stage that is accurate to 5 nm (Melles Griot, Irvine, CA). The position measurement was converted to a measurement of the molecular extension by correcting for the trap stiffness, which was 62 Ϯ 3 pN͞m. For the measurements reported here, the pipette was moved in 100-nm steps, and after each step the force was measured 100 times and averaged, thus averaging out contributions of thermal motion to the force measurement.
HIV-1 nucleocapsid protein (NC) used in these experiments was prepared as described (16) . The preparation of HIV-1 NC mutants has also been described (17) . After capturing a single DNA molecule in the tethering buffer, the molecule was stretched to verify that the usual force-extension curve was obtained. To measure the effect of the protein on this transition, 4-5 cell volumes of a buffer solution with a reduced NaCl concentration containing a fixed amount of NC was added to the experimental cell until the buffer surrounding the captured DNA molecule was completely exchanged.
Results and Discussion
We report here the use of single DNA molecule stretching to investigate the requirement for NC's specific zinc-finger architecture in the nucleic acid chaperone activity of NC. Although the two zinc fingers of HIV-1 NC share a common CCHC motif, five of the amino acid residues present in the loops between the residues that coordinate the zinc atoms differ between the two motifs ( Fig. 1 A) . These experiments were carried out by using various mutant forms of HIV-1 NC with changes in the zincfinger domains (Fig. 1C) . For wild-type NC, we used a constant concentration of protein (approximately 10 nM) and altered the ionic strength of the buffer to regulate the fraction of NC bound to the -DNA. The fraction of wild-type NC bound per DNA nucleotide was estimated as described (refs. 11 and 18) . As previously reported, the change in the slope of the overstretching transition appears to saturate at a nucleotide͞NC ratio of 8:1 (10 nM NC and 50 mM Na ϩ ), which is the critical binding density required for the observation of optimal nucleic acid chaperone activity ( Fig. 2 ) (3). For comparison, we first measured the effect of NC mutants on DNA stretching under these conditions.
Representative force-extension curves for -DNA in the presence of the NC mutants are shown in Fig. 3 . We first stretched DNA in the presence of a mutant in which the positions of the two fingers are switched (Fig. 1C, 2-1 NC) . The results show that, at a concentration of 10 nM, the finger switch mutant has no effect on DNA overstretching (Fig. 3A) . Both the slope and the plateau level of the overstretching transition are unchanged relative to an experiment carried out in the absence of protein. In contrast, when the second finger is simply replaced with the first finger (Fig. 1C, 1-1 NC) , there is a clear effect on the stretching curve (Fig. 3A) . The 1-1 mutant lowers the cooperativity, although the magnitude of the effect on DNA overstretching is reduced compared with wild-type NC. We conclude from these data that it is important to have the first finger in the N-terminal position for effective nucleic acid chaperone activity. (C) HIV-1 NC mutants used in this study. In the 2-1 NC mutant, the sequences of the two zinc fingers are switched relative to wildtype NC, whereas in the 1-1 NC mutant, the first finger is repeated in place of the second. For the CCCC͞CCHC mutant, residue His-23 is replaced with Cys, whereas the CCHH͞CCHC mutant has Cys-28 replaced with His. In all cases, changes relative to wild-type NC are circled. Having established the importance of the position of the first finger in NC's chaperone function, we next tested mutants with more subtle changes in the CCHC motif of the first finger. In one mutant tested, His-23 was replaced with Cys ( Fig. 1C , CCCC͞ CCHC), and in a second variant, Cys-28 was replaced with His ( Fig. 1C, CCHH͞CCHC) . CCCC zinc-finger motifs are found in steroid hormone receptor proteins, whereas CCHH motifs are found in transcription factors (19) . As shown in Fig. 3B , binding of the CCCC͞CCHC NC variant has no effect on the cooperativity of DNA overstretching when present at 10 nM concentration. The effect of CCHH͞CCHC on the overstretching transition is also significantly reduced compared with wild-type HIV-1 NC at this concentration (Fig. 3B ). An NMR structure of the Cys-23(13-64)NCp7 peptide indicates that the single His-23 to Cys change induces a change in the conformation of the N-terminal finger and increases the distance between both fingers (20) . Although this mutant still binds zinc strongly, it has significantly reduced RNA-binding affinity (20) . Thus, the altered behavior of the CCCC͞CCHC variant in the DNA stretching experiment does not appear to be due to a significantly reduced zinc-binding affinity but may be due at least in part to reduced DNA binding (20) .
These results can be quantified by fitting the force-extension behavior to the standard Zimm-Bragg model for a helix-coil transition (Table 1) (11, 21) . In this fit, we use two adjustable parameters, ⌬G and . The stability of the helix with respect to the coil form of DNA is determined by the free energy change (⌬G) from helix to coil state, given by the area between the stretching curves for double-and single-stranded DNA. The cooperativity is given by the parameter , which increases with the slope of the transition and as the cooperativity decreases. The average number of bases that must be simultaneously melted to nucleate a melted domain within a double-stranded structure is approximately Ϫ1/2 (22) . Both decreases in ⌬G and increases in indicate destabilization of nucleic acid secondary structure, because ⌬G is the energy per base pair required to undergo the helix to coil transition, whereas determines the number of base pairs that must be simultaneously melted during the transition. The helix-coil transition free energy and cooperativity parameter for DNA stretching in the presence of wild-type HIV-1 NC and the mutants examined here are given in Table 1 . We also show the percent chaperone activity, relative to wild-type HIV-1 NC, for each of these mutants, as measured in an in vitro minus-strand transfer assay, which was designed to mimic the first of two strand-transfer steps that occur during viral DNA synthesis (17) . During minus-strand transfer, the newly synthesized minus-strand strong-stop DNA is annealed to a complementary region of the RNA genome located at the 3Ј terminus. NC greatly stimulates the annealing step of minus-strand transfer (9, 23) , which results in the formation of a long 98-nucleotide base-paired binary complex. Data were obtained at 10 nM NC concentration in 50 mM Na ϩ , 10 mM Hepes, pH 7.5. The error in the free energy per base pair (⌬G) is estimated as the difference between ⌬G determined by using wild-type NC single-stranded (ss)DNA stretching curves (11) and ssDNA stretching curves without NC (33) . The free energy is reported in units of k BT per base pair, where kB is the Boltzmann constant and T ϭ 293 K is room temperature (1 k BT ϭ 581 cal͞mol). The cooperativity parameter () is defined as described in the text. *Data are from ref. Although the total transition free energy does not change significantly for the new NC mutants tested here, the cooperativity parameter decreases relative to that of wild-type NC for all of the NC variants. For example, the cooperativity parameter for the 1-1 finger repeat mutant is about 40% of the value determined for wild-type NC. For the same mutant, the chaperone activity has been measured to be about 50 -75% of that observed for wild-type NC (17) . Similarly, the CCHH͞ CCHC variant's cooperativity parameter is 20% of the wildtype value, whereas the chaperone activity is measured to be 25-50% relative to wild-type (17) . The rest of the mutations tested had even larger effects on NC's ability to change , resulting in no measurable change in cooperativity relative to an experiment carried out in the absence of NC. In particular, stretching experiments performed with both the 2-1 and the CCCC͞CCHC variants resulted in an estimated cooperativity parameter of less than 1% of the wild-type value, whereas the chaperone activity is also less than 1% (17) . Interestingly, the 1-1 mutant, which induces a cooperativity change closer to wild-type than any other mutant, is the only mutant tested that exhibits in vivo replication activity, suggesting a connection between the helix destabilization capability of NC and HIV-1 replication (17, 24, 25) .
The transition cooperativity is a measure of the barrier to nucleation of melted domains of DNA. When the cooperativity is low, as it is in the presence of HIV-1 NC, thermal f luctuations cause the melting and reannealing of domains of DNA. This melting and reannealing are responsible for NC's ability to rearrange DNA secondary structure. Thus, a protein that is able to reduce the cooperativity should rearrange secondary structure more readily. Nucleic acid chaperone activity is believed to be an essential function of NC in vivo and, as summarized in Table 1 , a recent study using the same mutants investigated here (17) indicated that even subtle alterations of the zinc-finger structure dramatically reduce NC's ability to facilitate minus-strand transfer. The excellent correlation between the effects of NC mutation on the helix-coil transition and the chaperone activity as measured by the minus-strand transfer assay strongly supports the hypothesis that the observed change in cooperativity is directly related to NC's chaperone function.
Under fixed binding conditions, the relative changes in cooperativity observed with the NC mutants tested parallel the in vitro chaperone activity (Table 1) . We next carried out DNA stretching experiments by using increased concentrations of protein for mutants that showed no chaperone activity at 10 nM. The results for 2-1 NC are shown in Fig. 4A . As the protein concentration is increased from 10 to 100 nM, we observe a significant change in the slope of the overstretching transition. At 100 nM, the cooperativity observed in the presence of 2-1 NC resembles that of the 1-1 mutant at 10 nM concentration. The CCCC͞CCHC mutant showed a slight change in cooperativity at protein concentrations greater than 50 nM (data not shown). Thus, all of the NC mutants tested that contained two zinc fingers were able to destabilize double-stranded DNA somewhat when present at higher concentrations. We also note that at high protein binding, a finite force is required to stretch doublestranded DNA even at extensions less than the B-form contour length of 0.34 nm͞bp (Fig. 4A ). This is a manifestation of aggregation forces due to the high charge of NC. These forces are also responsible in part for the nucleic acid chaperone activity of NC (11) .
These results suggest that the change in the ability of NC to alter the helix-coil transition on subtle alteration of the zinc-finger architecture may be due to a decrease in the -DNA-binding affinity of the mutant forms of NC. This change in binding affinity may also contribute to the reduction in in vitro chaperone activity observed for these mutants (17) .
However, binding measurements of HIV-1 NC variants to poly(A) showed that the binding constant of 2-1 NC was comparable to that of wild-type NC, whereas 1-1 NC had a binding constant 6 times greater than that of wild-type NC (26) . In contrast, the ability of HIV-1 2-1 NC to alter the cooperativity of the DNA helix-coil transition is significantly reduced compared with either wild-type or 1-1 NC (Fig. 3A and Table 1 ). Thus, the effects observed on the transition cooperativity, and therefore on the chaperone activity, of NC are more likely to be due to alterations in the specific interactions between the zinc fingers and the DNA rather than to significantly altered binding affinity.
We have shown that the first finger appears to be more important for the chaperone activity of HIV-1 NC than the second finger. To directly probe the requirement, if any, for two zinc fingers, stretching experiments were carried out with Moloney MLV NC, which contains only one zinc-finger motif (Fig.  1B) . When DNA is stretched in the presence of this protein at a concentration of 10 nM, the cooperativity of the helix-coil transition is not altered (Fig. 4B) . Even at an 80 nM concentration, there is very little change in cooperativity (Fig. 4B) . Moreover, the shape of the transition is altered in a manner that cannot be interpreted as a simple change in cooperativity. Thus, although further studies are needed to fully understand the changes induced by MLV NC at high protein concentration, this single zinc-finger variant clearly does not affect the cooperativity of the helix-coil transition under the specific conditions that lead to optimum chaperone activity in the presence of HIV-1 NC.
It is surprising that HIV-1 NC is more effective at destabilizing the DNA helix than Moloney MLV NC, because both proteins must act as nucleic acid chaperones during retroviral reverse transcription. However, both NC proteins have a high charge density, and it is known that this property is sufficient for facilitating nucleic acid rearrangements involving small numbers of base pairs, such as those involved in annealing tRNA to the primer-binding site of the genomic RNA (27) . In contrast, a highly charged peptide cannot effectively facilitate minus-strand transfer in HIV-1 (9) . This process involves annealing of the transactivation response (TAR) RNA, which is predicted to contain 24 base pairs, to the complementary DNA sequence, which can also form a stable secondary structure (23) . In contrast, the only known secondary structural element that must be destabilized for Moloney MLV minus-strand transfer is much less stable than the HIV-1 TAR region (28) . Therefore, whereas it is possible that the observed differences between the one-and two-zinc-finger proteins may be due to differences in nucleic acid binding affinities, it is reasonable to hypothesize that Moloney MLV NC does not require helix-destabilization capabilities to facilitate minusstrand transfer in vivo, whereas HIV-1 NC does. This prediction is supported by the DNA stretching studies reported here and by the inability of Moloney MLV NC to facilitate minus-strand transfer of the 98 nucleotide HIV-1 repeat (R) region (10) .
By measuring the effect of NC protein variants on the helix-coil transition of single DNA molecules, we have demonstrated several important aspects of nucleic acid chaperone activity. The excellent correlation between the ability of mutants of HIV-1 NC to alter the cooperativity of the helix-coil transition and their chaperone activity, as measured by an in vitro minus-strand transfer assay (17) , supports the conclusion that the change in transition cooperativity induced by NC binding indeed is responsible for the nucleic acid chaperone activity. Even subtle changes in the first zinc-finger architecture of NC impaired its ability to alter the helix-coil transition cooperativity. Nevertheless, all of the mutants examined that contained two zinc fingers were able to alter the transition to some extent when present at high concentrations. In contrast, Moloney MLV NC, which contains only one zinc finger, does not substantially alter the transition cooperativity, although at high concentrations it does appear to destabilize some portions of the DNA molecule in a manner that is not yet completely understood. Furthermore, SSHS NC, which lacks zinc-finger structures altogether, was unable to alter the cooperativity even at high protein binding (data not shown).
All retroviral RNA genomes contain a repeat region known as ''R'' located at opposite ends of the genome, which varies in length from 15 to 247 nucleotides (1) . In reverse transcription of the RNA genome, the minus-strand strong-stop DNA that is initially formed contains a copy of the R region that must be annealed to the complementary region of RNA on the opposite end of the retroviral genome. Some simple retroviruses (see ref.
29 for definition) with relatively short R regions, such as Moloney MLV and other similar murine viruses, have NC proteins with only one zinc finger (30) , whereas retroviruses with long repeat regions that form hairpin structures, such as HIV-1, HIV-2, and human T-lymphotrophic virus, type I HTLV 1 (31), contain NCs with two zinc fingers. The results reported here are consistent with the hypothesis that retroviruses with a long R region that can form stable secondary structure require an NC protein with two zinc fingers for optimal capability to destabilize nucleic acid structures, whereas simple retroviruses require only one zinc domain. However, because the zinc fingers of NC are also involved in packaging (30, 32) and other processes in the retroviral life cycle (1), simple retroviruses that possess two zinc fingers, e.g., Rous sarcoma virus, may have evolved this structure for these alternate functions.
